We present a detailed study of the Magellanic irregular galaxy NGC 4449 based on both archival and new photometric data from the Legacy Extragalactic UV Survey, obtained with the Hubble Space Telescope Advanced Camera for Surveys and Wide Field Camera 3. Thanks to its proximity (D = 3.82 ± 0.27 Mpc) we reach stars 3 magnitudes fainter than the tip of the red giant branch in the F814W filter. The recovered star formation history spans the whole Hubble time, but due to the agemetallicity degeneracy of the red giant branch stars, it is robust only over the lookback time reached by our photometry, i.e. ∼ 3 Gyr. The most recent peak of star formation is around 10 Myr ago. The average surface density star formation rate over the whole galaxy lifetime is 0.01 M yr −1 kpc −2 . From our study it emerges that NGC 4449 has experienced a fairly continuous star formation regime in the last 1 Gyr with peaks and dips whose star formation rates differ only by a factor of a few. The very complex and disturbed morphology of NGC 4449 makes it an interesting galaxy for studies of the relationship between interactions and starbursts, and our detailed and spatially resolved analysis of its star formation history does indeed provide some hints on the connection between these two phenomena in this peculiar dwarf galaxy.
INTRODUCTION
The local Universe is characterized by a great variety of galaxies and galactic environments. Among them, dwarf galaxies are the most common but probably least understood objects when we consider their formation and evolution. In fact, in the comparison both among dwarfs and between dwarf and spiral galaxies, we can find a wide range of chemical, dynamical and star formation (SF) properties, and the evolutionary processes taking place in dwarfs are still highly debated. In particular, it is unclear which mechanisms can trigger strong bursts of star formation in such small systems, and what the impact of the starburst activity on the evolution of the galaxy itself is. Many previous studies have investigated possible mechanisms leading to the formation of a star- burst, such as tidal interactions, mergers, or gas accretion (Lelli et al. 2014c) , highlighting the close link between environment, gas distribution and star formation. On the other hand, simulations show that stellar feedback (gas out/in-flows) also plays an important role in determining the stellar kinematics and radial gradients in low-mass (M * ∼ 10 7−9.6 M ) galaxies (El-Badry et al. 2016) .
For nearby galaxies, we have the great advantage of resolving their stellar populations, so that we are able to perform star-by-star analyses and use the colormagnitude diagram (CMD) to recover their star formation histories (SFHs). Insight into the origin and impact of a starburst can be provided by deriving the detailed star formation history from young to old epochs based on deep photometric data.
Here we present the SFH of NGC 4449, one of the key target galaxies of the LEGUS (Legacy ExtraGalactic Ultraviolet Survey) Hubble Space Telescope (HST ) Treasury Program (Calzetti et al. 2015) , a survey whose Figure 1 . Four color composite image of NGC 4449 from HST /ACS observations: blue corresponds to F435W (B), green to F555W (broad V), red to F814W (I), magenta to F658N (Hα). In the upper left corner is indicated the angular scale (30 arcsec) which corresponds to ∼ 550 pc at the adopted distance. Original figure from Annibali et al. (2008) .
Edited at LunaPic.com or Order Prints and Gifts at http://zazzle.com/lunapic aim is to investigate and connect the different scales of star formation in the local Universe, from stellar clusters to galaxies, and to explore the relation of star formation with the environment. NGC 4449 is an extremely interesting and well-studied galaxy, which is known to be interacting and currently forming stars at a high rate (SFR UV ∼ 0.94 M yr −1 , M * ∼ 1.1 × 10 9 M from Calzetti et al. 2015) . It is classified as a Magellanic irregular galaxy; it has characteristics similar to those of the Large Magellanic Cloud (LMC), such as dimensions, R opt ∼ 3.3 kpc 17 , and metallicity, between 12 + log(O/H) = 8.26 ± 0.09 and 12 + log(O/H) = 8.37 ± 0.05 from spectroscopy of the ionized gas in its H ii regions (Berg et al. 2012; Annibali et al. 2017) , although its star formation activity is at least two times higher. Moreover, NGC 4449 seems to be interacting with neighboring galaxies, as shown by its stellar and gas distribution (see Figures 1 and 2) . A recent detection highlights a stellar tidal stream that is falling onto the galaxy and whose origin is thought to be the disruption of a smaller dwarf spheroidal (dSph) galaxy (Rich et al. 2012; Martínez-Delgado et al. 2012) . Furthermore, Annibali et al. (2012) reported the discovery of a very massive (M ∼ 10 6 M ) elliptical old star cluster, apparently associated with two tails of blue stars, which may be the nucleus of a former gas-rich satellite galaxy un- dergoing tidal disruption by NGC 4449. The H i morphology is highly disturbed, with filaments and giant ring and shell-shaped complexes extending well beyond the optical galaxy (Fig. 2) . Moreover, the inner and outer parts of the neutral gas form two separate systems that are counter-rotating (Hunter et al. 1999) which generally signals the recent accretion of gas.
LEGUS studies NGC 4449 under many aspects, e.g., its star forming regions, its star clusters, its resolved stellar populations, exploiting a multi-band (UV, U, B, V, I) approach unavailable until now. To this purpose, LE-GUS has acquired deep UV, U and B photometry with the Wide Field Camera 3 (WFC3) on board HST, and reduced archival data with the Advanced Camera for Surveys (ACS), with the same procedures and requirements for the entire 50 galaxy sample.
The SFH of NGC 4449 was already derived by McQuinn et al. (2010) as part of a study of 18 dwarf galaxies. It was based on the same archival V and I ACS images and refers to the whole galaxy. Here we provide a new SFH based on the same data, but inferred with the method for comparing synthetic and observational CMDsthat will be homogeneously applied to all the LEGUS dwarf galaxies, and with two different sets of the most updated stellar evolution models. The latter is important to assess systematic uncertainties (see, e.g., Skillman et al. 2017) . The UV (from F336W and F555W filters) SFH for NGC 4449 is presented by Cignoni et al. (2018) together with those of other LEGUS galaxies, while here we focus on the optical one. Our analysis includes an accurate method to estimate photometric errors and completeness of the catalog, and is based on two different up-to-date sets of stellar evolution models. Moreover, we perform a spatially resolved SFH analysis of the galaxy, which can be compared to the results by McQuinn et al. (2012) who measured the concentration of SF in 15 nearby starburst galaxies, including NGC 4449. Figure 1 shows the HST /ACS Wide Field Channel (WFC) image of NGC 4449 presented by Annibali et al. (2008) . The images were acquired in November 2005 (GO program 10585) in the F435W, F555W, F814W and F658N filters, following a dither pattern. For each of these filters, images with eight exposures of 900 s, 600 s, 500 s and 90 s, respectively, were acquired. These data were included in the LEGUS 5-band image processing together with the new UV-and U-band ones (broadband filters F275W and F336W) acquired with the UVIS channel of the WFC3 (GO Treasury program 13364, PI D. Calzetti). Images in all five bands were aligned and drizzled onto the same grid, and photometry was performed using the DOLPHOT 2.0 package (Dolphin 2016) . No relevant differences were found with the photometry performed by Annibali et al. (2008) . The sensitivity was enough to reach at least one magnitude below the tip of the red giant branch (TRGB) with a photometric error smaller than 0.1 magnitudes, and detect stars as faint as ∼ 3 magnitudes below the tip.
OBSERVATIONS AND DATA
More details on the LEGUS stellar photometry are described by Calzetti et al. (2015) and extensively treated in Sabbi et al. (2018) while the data are publicly available on MAST 18 . We selected our data with the following DOLPHOT parameters, in all filters: photometric error σ ≤ 0.2 (meaning a signal-to-noise ratio ≥ 5), sharpness ≤ 0.2 (excluding objects with size significantly deviating from the point spread function), crowding ≤ 2.25 (excluding only objects in very crowded regions such as candidate clusters), object type ≤ 2 (excluding spurious objects such as background galaxies). The final catalog after the quality cuts includes ∼ 571 000 stars in both F555W and F814W and is complete down to ∼ 5 M .
3. ARTIFICIAL STAR TESTS To estimate the photometric errors and incompleteness of our data, we use a refined version of the artificial star test described in Cignoni et al. (2016) and here summarized. First, we put a spatially uniform distribution of artificial stars on the images (one star at a time) and reprocess them with DOLPHOT every time we add a new source; this gives us a first estimate of the completeness of the catalog as a function of the magnitude. We then 18 https://archive.stsci.edu/prepds/legus/ dataproducts-public.html use this function to reconstruct the actual density profile of the galaxy and to add a new set of fake stars on the images. We applied this method to each filter separately and then combined the outputs to obtain information of every input star in all filters. With this iterative procedure, we obtain a more precise description of the completeness as a function of position and magnitude, and we are also able to put more artificial stars in regions that need to be explored in more detail because of their higher crowding. This way, in particular in galaxies with high density gradients from one region to another, we obtain a description of the completeness function not biased by the average density but describing the local incompleteness: the most crowded parts will have a lower and more realistic completeness than the one inferred from the uniform distribution, since they have been explored with a higher number of artificial stars. Notice that this procedure does not create artificial crowding, since we always add only one artificial star at a time. This allows to take into account the very different morphologies we can encounter with a very general procedure, which does not involve galaxy-by-galaxy treatment such as a division of the field following isodensity regions. An equivalent approach was adopted by, e.g., Johnson et al. (2016) , who choose input positions for the artificial stars distributed according to the surface brightness of the real stars.
In Figure 3 we plot the completeness derived from our artificial star tests in three different regions of the galaxy (inner, middle and outer, see Section 5) to show how the higher crowding of the inner regions severely reduces their completeness. We point out, however, that the complex morphology of NGC 4449 makes crowding (and hence completeness) not a simple function of the galactocentric distance, but rather a patchy pattern following the major star forming regions. Figure 4 shows the m output − m input versus m input distribution of the artificial stars in the two filters, that we use to estimate the photometric errors.
4. DISTRIBUTION OF THE STELLAR POPULATIONS The optical CMD of the whole catalog we obtained after the quality cuts is shown in Fig. 5 In order to better understand the evolutionary status of NGC 4449, we isolated some of these phases and inspected how they are spatially distributed across the body of the galaxy. We chose three age intervals, corresponding to: very young ( 10 Myr) blue MS stars, intermediate-age (∼ 50 − 300 Myr) helium burning and AGB stars, and old (> 1 − 2 Gyr) RGB stars. Fig. 6 shows these selected stars, both in the CMD and in the spatial map. As a general behavior, we find that the younger the stars, the more concentrated and clumped in groups their spatial distribution, as naturally expected for star formation that proceeds hierarchically (Gouliermis et al. 2017) , a behavior that is observed in star clusters as well (Grasha et al. 2017a,b) .
In addition, there are several very interesting features revealed by the maps. First of all, the young stars seem to form a sort of S-shaped structure crossing the galactic center, that follows the distribution of the Hα gas. These are the loci of very recent SF, as confirmed by the detection of stars in our catalog in the F336W filter (magenta points in the figure). Their distribution is clearly lopsided, suggesting an external event to cause the asymmetry and to trigger the formation of H ii regions on the north side of the galaxy. Moreover, Reines et al. (2008) identified 13 clusters with thermal radio emission (shown with light blue circles in the figure); they estimate that these sources have ages 5 Myr and stellar masses 10 4 M , and they represent the birthplace of the next generation of stars. The S-shaped structure is still visible in the intermediate-age population, that is Figure 6 . Left panel. Selection of three different stellar populations in the CMD: in blue, stars with ages 10 Myr; in green, stars with intermediate ages between ∼ 50 and ∼ 300 Myr; in red, stars older than ∼ 1 − 2 Gyr. Right panel. Spatial distribution of the age-selected stars: the magenta points in the top map represent stars that have also a measured flux in the F336W filter, while the light blue circles are clusters with thermal radio emission from Reines et al. (2008) ; the red dashed ellipse in the middle map includes stars forming an elongated structure and with roughly the same F814W luminosity (inside the red parallelogram in the CMD); the black dots in the bottom map are the stellar clusters identified by Annibali et al. (2011). however more diffuse. A clump of stars forming a shallow overdensity (highlighted by the red dashed ellipse in the figure) is also visible; if we select these stars on the map and look at where they are on the CMD, we find that their luminosities are all very similar to each other (m F814W ∼ 21.3), meaning that they are stars of roughly the same age 19 ; from a comparison with isochrones, the age of the stars in the parallelogram is between 80 and 150 Myr. This suggests that the structure originated from a specific episode of SF, maybe triggered by the inflow of new gas from some interaction, that created this small coeval population. Moreover, this region hosts a Wolf−Rayet (WR) massive cluster which is believed to be a young evolutionary stage of a super star cluster as 30 Doradus in the LMC (Sokal et al. 2015) . The old stars are spread all over the galaxy, with holes in the 19 During the helium burning phase of intermediate mass stars (> 2 M ), there is a direct correlation between mass and luminosity of a star since the core is non-degenerate; this makes the luminosity of the blue loops a very fine age indicator. distribution only due to incompleteness.
STAR FORMATION HISTORY
The SFH of NGC 4449 was studied through the synthetic CMD method, originally devised by Tosi et al. (1991) . We used the code SFERA (Star Formation Evolution Recovery Algorithm), developed by Cignoni et al. (2015) , a hybrid-genetic algorithm (genetic plus simulated annealing) based on a Poissonian approach (Dolphin 2002) , already applied to derive the SFH over both short and long lookback times (Cignoni et al. 2015 Sacchi et al. 2016) , and described in detail in the Appendix. In particular, the application of SFERA to NGC 4449 is similar to what was done for the concentric sub-regions of DDO 68 (Sacchi et al. 2016) , where the lookback time was also given by the RGB stars.
The theoretical CMDs used for the comparison with the observed one were built from two different sets of stellar evolution isochrones, PARSEC-COLIBRI (Marigo et al. 2013; Rosenfield et al. 2016 ) and MIST (Choi et al. 2016 ). This allowed us to explore the uncertainties aris-ing from the models, and to test the strength and reliability of different evolutionary phases. For both, we used the following input parameters: We then convolved the models with the data properties:
-distance modulus (m − M ) 0 = 27.91 ± 0.15 (Annibali et al. 2008) which is allowed to vary in a range around the chosen literature value, in steps of 0.05 mag (this is not a parameter included in the minimization, see the Appendix for details);
-photometric errors, incompleteness and blending from the Artificial Star Tests;
-total reddening (foreground 20 plus internal) varying from 0.05 to 0.20 mag in steps of 0.05; -differential reddening (modeled as a Gaussian spread) varying from 0.1 to 0.2 mag; the differential reddening of the youngest MS population is modeled separately from the rest of the stars (Dolphin et al. 2003) .
A crucial point in the analysis of this galaxy is the existence of a rich population of TP-AGB stars, which presents several challenges, both observational and theoretical, such as modeling circumstellar dust obscuration (Boyer et al. 2009 ), mass loss, and evolutionary timescales. Both isochrone sets we used have recently included a detailed treatment of this stellar phase, but they still lack an empirical calibration with a real galaxy (this is typically done with the LMC). Moreover, the models from the two groups are quite different, so we decided to mask the TP-AGB area in the CMD, in order to exclude it from the minimization procedure applied to search for the best SFH. Figure 7 shows the results for the total CMD of NGC 4449. In the top panels the observed and recovered CMDs are shown as Hess diagrams, i.e., density plots, as this is the way we perform the minimization of the residuals between them; the dotted black box indicates the TP-AGB region masked for the comparison. To analyze these Hess diagrams we also show the residuals between the observational and synthetic CMDs in units of Poisson uncertainties (data − model)/ √ model (right panels). In the bottom panels, we show the star formation history and the evolution of the metallicity as a function of the age. For the whole field we show the results for both the COLIBRI and MIST isochrones, to identify their differences and the features that may result from the chosen set of evolutionary tracks.
Whole galaxy
As suggested by the presence of stellar populations of all ages, the SF of NGC 4449 has been fairly continuous 20 E(B − V) = 0.017 from Schlafly & Finkbeiner (2011) .
over the lifetime of the galaxy. In particular, we find peaks and dips, but the SFR at the top of the peaks is only a factor of a few higher than at the bottom of the dips. The duration of the peaks is similar to that of the dips. This behavior is not what we would call a "bursting" regime, where bursts should be short episodes, with SFR significantly higher than average, separated by long quiescent phases. What we find for NGC 4449 is instead quite similar to what is found in the Small Magellanic Cloud (e.g. Cignoni et al. 2012 Cignoni et al. , 2013 and in other Local Group irregulars (e.g. Tolstoy et al. 2009; Gallart et al. 2015) : a "gasping" (Marconi et al. 1995 ) more than a "bursting" regime. We find the main peak of SF at ages between 5 and 20 Myr ago, in the same interval found by McQuinn et al. (2010) , with a SFR almost 4 times higher than the average; some activity is also found in the most recent bin (last 5 − 6 Myr) in agreement with the presence of Hα emission in the galaxy. The SFH shows another enhancement around 100 Myr, in excellent agreement with the SFH by McQuinn et al. (2010) . Notice that their SFRs have been re-scaled to take into account the different IMFs used to construct the synthetic CMDs (Salpeter in their case, Kroupa in ours). The SFH by McQuinn et al. (2010) better agrees with our COLIBRI solution, as expected since they were computed from the same stellar evolutionary models, even though from an older version in their case.
There are a few differences between the models, and between models and data: both synthetic CMDs reproduce the overall shape of the observed one, with some differences in the widths of the MS and RGB, in particular for the MIST models. This is likely caused by the relatively simplistic treatment of the reddening parameters, in particular the differential reddening, which is quite difficult to determine exactly. Even with the whole CMD fitted, all models fail to reproduce the TP-AGB phase, either in terms of CMD morphology and of star counts. This is due to the well-known difficulty in modeling such a rapid phase and is the reason why we decided to mask the entire phase to infer the proper SFH. The remaining features of the CMD are well fitted within the errors, and the SFH never shows signs of long interruptions within our time resolution. Although the trends are similar, the solutions from the two sets of stellar models show significant differences: the MIST SFH tends to be more constant where the COLIBRI one shows a higher variation around the average. This is a behavior we often find when comparing the two libraries, thus we consider this difference as an estimate of the systematic uncertainty in our SFH.
The metallicity shows a growing trend with time, and in the youngest bins it matches the spectroscopic value inferred from H ii region observations (Berg et al. 2012; Annibali et al. 2017) .
To better evaluate the differences between the models, and for an easier comparison with other literature results, we show in Figure 8 the cumulative stellar mass fraction, which is less sensitive to the correlated errors between adjacent bins. The two functions are remarkably similar and clearly show that the bulk of SF is older than 1 Gyr, when roughly 90% of the mass was already formed.
As shown by the observational CMD, our photometry reaches the RGB population, but is not deep enough to identify other older features such as the red clump or the horizontal branch, i.e. the helium burning phases of low mass stars ( 2 M ); this means that the actual lookback time safely sampled by our CMD is formally 1 Gyr (the minimum age of an RGB star) and in practice around 3 Gyr (since the quite low metallicity allows us to reduce the age-metallicity degeneracy affecting RGB stars and thus have an older age constraint). To quantify the un- certainties related to assuming different lookback times in the derivation of the SFH, we have re-run SFERA assuming the starting epoch of the SF activity to be either ∼ 5 Gyr or ∼ 3 Gyr ago instead of ∼ 13 Gyr ago. In both cases the CMD is reproduced quite well, with no relevant differences with respect to the one in Figure 7 , and the corresponding SFHs are shown in Figure 9 . The shorter the lookback time, the higher the enhancement of the earliest episode in order to recover the right num- ber of observed stars, while the SFR in all the other bins remains the same within the errors. We thus keep modeling the whole Hubble time in the following, but warn the reader that the actual SFR in the earliest 8 − 10 Gyr may vary within the extremes shown in Fig. 9 .
Despite this observational limitation, it is quite reasonable to expect this galaxy to be older than 3 Gyr, possibly as old as a Hubble time, as already demonstrated by spectroscopic studies (Strader et al. 2012; Karczewski et al. 2013; Annibali et al. 2018 ). Thus, we are confident that future observations will allow the photometry to go deeper and detect older population tracers.
Given the richness and complexity of this galaxy, we divided the whole field in 3 separate regions, for which we performed the SFH analysis independently. Figure 10 shows the division and the corresponding CMDs. Given the boxy shape of the galaxy, an elliptical selection of the regions would have been less representative of the SF region distribution, so we adopted this rectangular selection. The outer field was selected to avoid all the infalling features we see around the galaxy (see Figure  1) , while the central one includes the strongest Hα emission. The CMDs of these three regions clearly reflect the changing stellar populations, with the central region containing lots of very bright young stars, almost absent in the outer part, and the different completeness conditions of the subregions (the CMD becomes deeper going from inside out, see also Figure 3) . However, the presence of different substructures in the intermediate region made the SFH recovery process very difficult, in particular in the differential reddening treatment. For this reason, we do not show here the corresponding SFH, and we decided to split this field in two different subregions, one including the norther SF region, with the elongated structure discussed above, the other including the southern clumps of stars, as shown in Figures 11 and 12.
Central regions
From the point of view of the SF, the three central fields are the most interesting ones, showing all the main stellar populations. Moreover, the Center is also included in the UVIS field, so we can directly compare our results with the UV ones presented by Cignoni et al. (2018) . The UV data confirm the gasping scenario. In fact, no strong SF burst was detected in the last 180 Myr, with a SFR increasing, at most, by a factor of ∼ 2 over the 100 Myraveraged SFR. The age resolution improves dramatically for ages less than 50 Myr, but strong variations over intervals of a few Myr are not observed either. This SF modality is typically seen in the last 100 Myr of many high-resolution studies (McQuinn et al. 2010; Weisz et al. 2008) and is probably connected with the formation of star clusters and associations. Compared with other independent SFR tracers, the UV 100 Myr-averaged-SFR and 10 Myr-averaged-SFR are in very good agreement with FUV and Hα rates, respectively. Figures 13 and 14 show the results for the center and the two clumps.
Center For the Center, we again show the comparison of the two sets of tracks we used. Both models successfully reproduce the shape of the observed CMD, with the same difficulty in modeling the differential reddening found for the total field. Here the effect is more evident, which is not surprising given that we are analyzing the innermost region of the galaxy, which more likely contains dust and young massive stars. Despite the similar shape of the recovered CMDs, the solutions provided by the two sets of models are quite different both in the optical and in the UV (plotted in light blue in the figures) cases. They both show two peaks at 10 and 100 Myr, but their amplitude and duration are different; in the UV, the MIST solution shows another rise in the most recent time bin, which is not present in the COLIBRI solution. When comparing these SFHs, it is important to consider that is hard to disentangle differences due to systematic errors (e.g. the validity of the same extinction law in the different bands, the different mass fraction of binary stars in different mass ranges, or the statistical weight of different populations of stars). Indeed, UV and optical CMDs are prone to different uncertainties: the optical one is sensitive to the MS and entire He-burning phase (for stars younger than few 100 Myr), whereas in UV CMDs we are only sensitive to the MS and the blue He-burning stars. Moreover, in terms of mass, UV CMDs measure MS stars down to 5 − 6 M , while in the optical we reach 2 M , so we are matching a much broader mass range, where UV just matches massive stars. Also, the time resolution is different in the last 100 Myr (see also the Appendix for details on the optical time resolution and uncertainties, and Cignoni et al. 2018 , for the complete UV analysis). Despite all these differences, the trends agree within 2σ for the COLIBRI solutions, and within 3σ for the MIST ones.
It is worth to notice that in the most recent bin the UV SFRs are higher than the corresponding optical ones. We believe that this behavior is due to the better temporal resolution of the UV CMDs, where the characterization of the youngest stellar phases is much more precise. In future analyses of both optical and UV CMDs of other LEGUS galaxies we will be able to to check whether or not the UV SFR is systematically higher that the optical one at the most recent epochs, as in NGC 4449.
We find that the SFH of the Center is fairly similar to that of the whole galaxy, with the main peaks (one around 14 Myr ago, the other around 100 Myr ago) and dips in SFR occurring at the same epochs. This is not surprising since the Center contains more than 20% of all the stars measured in NGC 4449. Since the two different sets of stellar evolution models consistently provide the same kind of results in the various fields, for sake of simplicity in the following we show only the results based on the COLIBRI models.
Clump 1 This region includes the small elongated structure and the WR cluster mentioned in Section 4. As apparent from Figure 11 , Clump 1 is the area with the tightest and brightest blue and red plumes, suggesting that its SF activity has been more peaked at certain epochs. The CMD in Figure 14 clearly reveals the presence of a well populated MS, and a small over-density in the red plume due to the coeval stars in the elongated structure. The different shape of the faintest edge of the CMD is due to the fact that we do not fit the area below m F814W ∼ 26.5 since it is more than 50% incomplete. The main peak of SF is between 5 and 20 Myr ago, and a very low activity is found in older time bins. Interestingly, the metallicity appears to decrease with time between 3 and 1 Gyr ago; since this is one of the most active and interacting regions of the galaxy, this could be due to gas infall or a merging with another lower metallicity body.
Clump 2 The CMDs in Fig. 14 show a very good agreement in the fitted area. In the SFH we can find again a peak around 10 Myr, but with lower relative importance over the activity at earlier epochs than in Clump 1. This is consistent with the almost zero Hα emission found in this region.
External field
The external region shows a prevalence of old stellar populations, its CMD consisting mainly of TP-AGB and RGB stars. This outer field was selected to avoid all the SF regions and the streams infalling in the galaxy, and, as expected, it shows no sign of recent SF, and the SFH is somewhat complementary to that of the three central regions. The peak is in the oldest bins, but a very low activity lasted until ∼ 300 Myr ago.
A summary of the SFRs and stellar masses formed in different epochs for both the whole galaxy and the 4 subregions is given in Table 1. 6. RESULTS In this paper we derived and analyzed the detailed star formation history of the Magellanic irregular galaxy NGC 4449 on the basis of its optical color-magnitude diagram. Here we summarize the main results and compare them with the literature, in order to place them in a broader context of the formation and evolution of this class of galaxy.
NGC 4449 is often considered a starburst galaxy and is indeed one of the most actively star-forming systems of the local Universe (Lee et al. 2009 ). However, there is no unique definition of a starburst, which may depend on the properties considered in the analysis. One definition is based on a short measured duration of the starburst activity and a current SFR that exceeds the average past value by a factor of at least 2 − 3 (McQuinn et al. 2010 ). In the case of NGC 4449 these values are less than ∼ 20 Myr and ∼ 4, respectively. Another related Cignoni et al. (2018) . Notice that the SFR scale is different from that in Fig. 7 . The left plots refer to the COLIBRI models, the right ones to the MIST models. quantity is the integrated Hα equivalent width, i.e., the Hα flux divided by the continuum flux density under the line. Lee et al. (2009) fix a threshold at 100Å, which is not matched by NGC 4449 (which has an Hα equivalent width of ∼ 72Å). However, since the Hα emission has a very short timescale, it might be tracing only starbursts with an enhanced activity in the last ∼ 5 Myr, which is indeed not the case of NGC 4449.
Our study shows that NGC 4449 has experienced a significant enhancement in the SF activity about 10 Myr ago, but we do not consider it a real burst, since its SFR is only a factor of ≤ 4 higher than in the quietest phases. We are inclined to consider a SF regime as "bursting" when the SFR of the burst is at least 10 times higher than average, its duration is short, and significantly long quiescent (or very quiet) phases are present. None of these conditions are met in NGC 4449.
Our results on the stellar populations and SFH clearly highlight the complexity of this galaxy, revealing a very peculiar boxy shape, a centrally concentrated S-shaped bar and H ii regions in various clumps, also quite far from the most central region (at the edge of the optical galaxy). The SFH has a peak at ∼ 10 Myr, lasting roughly until 20 Myr ago, in very good agreement within the uncertainties with the results from McQuinn et al. (2010) , who presented the only other SFH available for this galaxy determined from optical photometric data (which are the same HST data we use here). In the very central region we compared the SFHs from optical and UV data: the COLIBRI solutions show a very good agreement (within 2σ), while the MIST solution have more differences (they still agree within 3σ). The fraction of stellar mass formed in the central region in the most recent 100 Myr is ∼ 89%, in very good agreement with the 84 ± 4% found by McQuinn et al. (2012) . Figure 16 shows the results for the SFHs of the whole galaxy and the sub-regions of NGC 4449, divided by the area of each region (chosen as the area including 90% of the stars in each field) in order to obtain a SFR surface density and to properly compare the SFH even among fields of very different spatial dimensions. In fact, even though smaller, the central region has the highest SFR density, as expected from the great amount of ionized emission. Both the clumps have also a significant recent activity, and Clump 1 shows signs of ongoing SF. These three regions together provide almost the totality of the SFR(≤ 10 Myr) of the galaxy. The external field is less active, showing a prevalence of older SF (see Table  1 for the details). These results suggest that the star formation proceeded from outside in, so the SFR in the center is increasing with time and the SFR in the outer regions is decreasing with time. The middle regions, Clumps 1 and 2 are in between, with the exception of the 10 Myr peaks. Outside-in SF seems to be common in dwarf galaxies (Gallart et al. 2008; Zhang et al. 2012; Meschin et al. 2014; Pan et al. 2015) whereas in spirals this process seems to proceed inside-out (Williams et al. 2009 ).
DISCUSSION AND CONCLUSIONS
The results presented above suggest the impact of possible recent phenomena to be stronger in the Northern regions, on a East-West axis (crossing the Center and Clump 1). Interestingly, this trend resembles what was discussed by Annibali et al. (2011) in their analysis of the cluster population of this galaxy (previously shown in Fig. 6 ): they find that some old stellar clusters in NGC 4449, instead of following a uniform distribution across the galaxy as one would expect, seem to follow some linear structures possibly linked to a past accretion event (see their Figure 16 ). One of these structures crosses the regions where we find the highest activity and is roughly perpendicular to the structure in Clump 1. All these hints could again be evidence of a common event triggering significant activity in these regions, a scenario also suggested by Valdez-Gutiérrez et al. (2002) on the basis of their kinematic and dynamical study of the high perturbed velocity field of the ionized gas in NGC 4449. Very young clusters (age < 10 Myr) are instead found only in the very central regions (six in Center, two in Clump 1 and one in Clump 2) and, as expected, tightly follow the distribution of the Hα emission (Annibali et al. 2011; Gelatt et al. 2001 ); here Reines et al. (2008) also detected 13 embedded massive star clusters with thermal radio emission.
The elongated structure shown in Figure 6 and included in Clump 1 seems to be a coeval population probably formed as a result of the interaction, possibly a merging, with a smaller galaxy tidally disrupted by the main body of NGC 4449. Both the luminosity of these stars and the SFH we recover (see the results for Clump 1 in Fig. 14) , suggest an age of a few tens of Myr, while the embedded massive WR cluster, also contained here, has a minimum age of ∼ 3 Myr (Sokal et al. 2015) . Indeed, Theis & Kohle (2001) finding that the observed features could be created by an encounter with a smaller dwarf galaxy. Moreover, as discussed by Lelli et al. (2014a,c) , galaxies with young ( 100 Myr) bursts of star formation usually show a very asymmetric H i morphology, which is also related to past and ongoing interaction/accretion events. In many works it is outlined how starburst dwarf galaxies usually show very different morphological, dynamical and environmental characteristics. Among them, Lelli et al. (2014c) explore the H i morphology of several active dwarf irregulars (NGC 4449 included), trying to understand the main process triggering the starburst activity. They find that this enhanced activity usually correlates well with a disturbed H i morphology, suggesting that the starburst is likely triggered by external mechanisms (merging/gas inflow) rather than by internal ones (stellar feedback). The discovery of a stellar tidal stream from a disrupted dwarf galaxy in the halo of NGC 4449 (Rich et al. 2012; Martínez-Delgado et al. 2012 ) and of a possible remnant of a gas-rich accreted satellite (Annibali et al. 2012 ) also points at this scenario, and the dynamical timescale to see the tidal features of the encounters (< 10 8 yr from Peñarrubia et al. 2009 ) is compatible with the beginning of the higher SF activity we find in the galaxy. The H i tails are possibly led also by the companion galaxy DDO 125, an irregular galaxy at a projected distance of 41 kpc from NGC 4449.
On the other hand, El-Badry et al. (2016) investigated through cosmological hydrodynamic simulations the effect that stellar feedback has on the stellar component of isolated dwarf galaxies; they find that gas outflows and inflows can severely affect the stellar kinematics and radial gradients in low-mass galaxies (M * ∼ 10 7−9.6 ). The two effects might indeed be in action at the same time: stellar feedback on small scales (less than 10 kpc) where we actually see the stellar component of the galaxy, and external mechanisms on scales where the H i component becomes dominant (several 10 kpc).
As mentioned in the Introduction, LEGUS is also studying in detail the star clusters in NGC 4449 (Adamo et al., in preparation, Cook et al., in preparation) , with a multi-band approach that should provide soon a clearer scenario not only on their formation and evolution, but also on that of the whole galaxy.
Even though our photometry can constrain populations as old as a few Gyr only, there are several spectroscopic studies revealing features from older stars. Strader et al. (2012) found globular clusters consistent with ages of 7 − 10 Gyr. Karczewski et al. (2013) performed a fit to the multiwavelength spectral energy distribution of NGC 4449, from the far-ultraviolet to the submillimetre, and found models consistent with a first onset of star formation around 12 Gyr ago. They assumed a simplified SFH consisting of only three episodes, old (between 12 Gyr and 400 Myr ago) with a SFR of 0.09 M yr To statistically improve the comparison with other galaxies, we consider the work by Weisz et al. (2011) , who provide the SFHs of 60 dwarf galaxies within the ANGST program. They find a huge diversity in the evolution of the SF among different morphological types, and also within the dwarf irregular sub-sample (see their Figures 3 and 4) . However, all the galaxies in the sample seem to have formed the bulk of their stars earlier than ∼ 1 Gyr ago, in agreement with what we find for NGC 4449. 
APPENDIX

SFERA
Description of the code and initial parameters
In this Appendix we recall the main steps of the code SFERA, already implemented in Cignoni et al. (2015) and here upgraded with new stellar models, providing new benchmarks which are appropriate for distant galaxies like NGC 4449.
SFERA performs a complete implementation of the synthetic CMD method, deriving the synthetic stars from the adopted stellar evolution models, estimating the observational effects through artificial star tests, and finally performing the minimization of the residuals between observed and synthetic CMDs, with an accurate estimate of the uncertainties of these procedures. Figure 17 shows a schematic flow-chart of the algorithm that we describe in this appendix.
As already mentioned in Section 5, we start from two sets of stellar evolution libraries, in particular we use isochrones already calibrated in the photometric filters from the observations. In general, we do not put constraints on the metallicity, but in the case of distant galaxies, like NGC 4449, we require that the metallicity in the most recent time bin varies in a small range around the value corresponding to the oxygen abundance derived from spectroscopy of the H ii regions of the galaxy. At any other epoch, the metallicity cannot increase more than 25% with respect to the adjacent younger bin. The isochrones are populated through a Monte Carlo extraction of stars, with a constant SFR and a Kroupa IMF (ξ(m) ∝ m −α with α = 1.3 for 0.1 ≤ m < 0.5 M and α = 2.3 for 0.5 ≤ m ≤ 300 M ). Each star will be alive (thus, visible on the synthetic CMD) or dead (thus, contributing only to the astrated total mass) according to its lifetime from the stellar evolution models. In order to avoid statistical uncertainties from the models, we require at least 5 × 10 6 stars in each metallicity bin. 30% of the stars are randomly chosen to have a companion, whose mass is assigned from the same IMF of the primary star.
These models are then convolved with the characteristics of the data: distance modulus in a range around the chosen literature value, varying in steps of 0.05 mag, photometric errors and incompleteness as resulting from the m output − m input distribution of the artificial star tests (see Section 3). The reddening distribution is modeled as a Gaussian (with negative values excluded) with mean value and dispersion (representing total -foreground plus internal-and differential reddening) as free parameters (Harris et al. 1997) .
To choose the time steps to adopt in the SFH, given the quality of the data, we decided to use logarithmic bins in the age range log(t) = 6.0 − 10.13 (corresponding to t = 1 Myr −13.7 Gyr) with a logarithmic step of 0.25, except for the first bin which is log(t) = 6.0 − 6.75. This is to follow the decreasing time resolution with increasing lookback time, which is also explored by changing the starting point and dimension of the time bins and Figure 19 . Test of the time resolution in recovering quiescent phases in the SFH with SFERA. The input SFH was a constant rate with two gaps at 100 Myr and 1 Gyr lasting ±10% of the age (20 Myr and 200 Myr, respectively). The models used are the MIST ones for creating the input CMD and the PARSEC-COLIBRI ones for recovering the SFH, in order to test for systematic uncertainties due to the different stellar models.
checking for possible variations in the SFH.
We need to bin both the synthetic and observed CMDs to perform the comparison of the star counts in each grid cell. To do so, the standard approach is to bin different regions trying to sample as much as possible the observed evolutionary features. In this process, there must be a combination of good statistics in each cell, to minimize the Poisson noise, and good sampling of the fine structure of the CMD, to maximize the time resolution of the results. One of the best procedures is to use an ad hoc grid whose size varies depending on the density of stars on the CMD and on the reliability of the considered phase. This approach is more "human dependent" than a uniform grid, but it can represent a good balance of the different aspects that need to be taken into account. In principle, the impact of this choice on the SFH may be relevant, so we explored different combinations for a safer result. In the end we chose a quite large cell size (0.25 both in color and magnitude) for the brightest stars (m F814W < 20) to balance the low statistics caused by the low number of bright stars; we chose an intermediate cell size (0.1 both in color and magnitude) for the blue and red plumes and for the lower MS; for the RGB, we implemented a variable random binning from 10 to 900 cells in the box 0.75 < m F555W − m F814W < 4 and 24 < m F814W < 26.5, which we changed at every bootstrap (see later) in order to minimize the bin dependence of the results. Small random shifts both in color and magnitude are also applied to the whole grid.
The minimization is implemented taking into account the low number counts in some CMD cells, so we follow a Poissonian statistics, looking for the combination of synthetic CMDs that minimizes a likelihood distance between model and data, which corresponds to the most likely SFH for these data. The Poisson-based likelihood function we use is: Figure 23 . Test of the time resolution in recovering bursts in the SFH with SFERA. The input SFH was a constant rate with two bursts (∼ 10 times higher than the average) at 100 Myr and 1 Gyr lasting ±10% of the age (20 Myr and 200 Myr, respectively). The models used are the MIST ones for creating the input CMD and the PARSEC-COLIBRI ones for recovering the SFH, in order to test for systematic uncertainties due to the different stellar models.
where mod i and obs i are the model and the data histograms in the i−bin (Cash 1979; Dolphin 2002 ). This likelihood is minimized with the hybrid-genetic algorithm, a combination of PIKAIA (the free code available at http://www.hao.ucar.edu/modeling/pikaia/ pikaia.php and already implemented in IAC-pop, see Aparicio & Hidalgo 2009) , and a simulated annealing procedure (as implemented in, e.g., Cole et al. 2007 ).
Uncertainty treatment
The statistical uncertainty is computed using a bootstrap technique on the data, i.e., applying small shifts in color and magnitude to the observed CMD and rederiving the SFH for each version of it. We average the different solutions and take the rms deviation as statistical error on the mean value. Systematic uncertainties, probably the most impacting ones (see the tests below), are accounted for by rederiving the SFH with different age and CMD binnings, and using different sets of isochrones. These are added in quadrature to the statistical error.
The distance search is not included in the minimization. With all the other parameters fixed, we vary the distance and look for the value that minimizes the likelihood. This value is then fixed, and for the case of NGC 4449 is within the uncertainty range from the literature. The uncertainty due to the distance variations is not included in the SFH uncertainties, since it is negligible compared to the random and systematic differences included in the given error bars (varying the distance modulus up to ±0.20 affects the SFRs less than 5%).
Other effects (e.g., variations of the binary fraction) have been shown to be negligible when compared to other kinds of uncertainties (Cignoni & Tosi 2010; Monelli et al. 2010; Dolphin 2013; Lewis et al. 2015) .
Time resolution tests
In order to quantify the impact of time resolution on our conclusions on the continuity (no strong burst and no long quiescent phases) of the SFH derived for NGC 4449, we built some tests for our code by using synthetic CMDs generated with a known SFH.
To test if we are able to identify and resolve quiescent phases in the life of a galaxy at the distance of NGC 4449, we generated a CMD with a constant SFR with a gap at 100 Myr with a duration of 20 Myr, and another gap at 1 Gyr with a duration of 200 Myr (age±10%). We simulated the same distance, photometry and completeness conditions as for NGC 4449. We then run SFERA with either the same stellar models used for constructing the fake data (MIST) or with a different set of isochrones (PARSEC-COLIBRI). The results are shown in Figures  18 and 19 , and it is evident that, when the same models are used, the lower SFR is perfectly recovered by the code; when we use the other set, although there are some hints, the gaps are not well recovered. This improves by increasing the duration of the quiescent phase to ±20% and ±30% of the age (see Figures 20 and 21 ).
An analogous test was performed by adding two bursts to the constant SFR with the same criteria used before. Again, when the same isochrones are used for both constructing and recovering the SFH, the age resolution is within ±10% of the age (Figure 22 ), while if we use different sets, a duration of at least ±30% of the age is required to well constrain the bursts, in particular for the older one (see Figures 23, 24 and 25) .
These results strongly depend on the fact that our CMDs do not reach the ancient main sequence turnoff (MSTO), so the resolution at the oldest epochs is a few Gyr only, and the SFH relies on poorer age chronometers (RGB, AGB and TP-AGB phases). As thoroughly illustrated by Weisz et al. (2011) , the ancient MSTO constrains so tightly the SFH that the systematic uncertainties are strongly reduced independently of the stellar models used for the SFH recovery. They indeed find uncertainties larger than 50% when the CMD is too shallow to reach the ancient MSTO. However, limiting the SFH studies to galaxies within 1 − 2 Mpc, where we see the ancient MSTO, would prevent us to cover all the morphological types (e.g., blue compact dwarf galaxies), metallicity ranges and environments that populate the Local Universe.
